A rapid, empirical method is described for estimating weekly AOT40 from ozone concentrations measured with passive samplers at forest sites. The method is based on linear regression and was developed after three years of measurements in Trentino (northern Italy). It was tested against an independent set of data from passive sampler sites across Italy. It provides good weekly estimates compared with those measured by conventional monitors (0.85 # R 2 # 0.970; 97 # RMSE # 302). Estimates obtained using passive sampling at forest sites are comparable to those obtained by another estimation method based on modelling hourly concentrations (R 2 ¼ 0.94; 131 # RMSE # 351). Regression coefficients of passive sampling are similar to those obtained with conventional monitors at forest sites. Testing against an independent dataset generated by passive sampling provided similar results (0.86 # R 2 # 0.99; 65 # RMSE # 478). Errors tend to accumulate when weekly AOT40 estimates are summed to obtain the total AOT40 over the May-July period, and the median deviation between the two estimation methods based on passive sampling is 11%. The method proposed does not require any assumptions, complex calculation or modelling technique, and can be useful when other estimation methods are not feasible, either in principle or in practice. However, the method is not useful when estimates of hourly concentrations are of interest.
Introduction
Despite much criticism, 1 the AOT40 (Accumulated ozone concentrations Over a Threshold of 40 ppb)
2 is still the regulatory air quality standard used in Europe for evaluating the risk that ozone poses to vegetation. 3, 4 AOT40 is relatively easy to calculate because it requires only hourly ozone concentration values which can be obtained from conventional monitors. However, ozone measurements are rarely carried out with conventional monitors in remote forest areas, and in most cases passive (diffusive) sampling is used instead (e.g. ref. 5 and 6) . Diffusive samplers do not provide hourly ozone values, only time-integrated ozone concentrations for the entire measurement period (typically 1-2 weeks). For this reason, several methods have been devised to estimate AOT40 from ozone values obtained from passive sampling. [7] [8] [9] [10] [11] The effectiveness of these methods has been found to vary, and the methods also rely on additional data and/or assumptions. For example, when AOT40 is calculated from estimations of hourly ozone concentrations made from time-integrated data, a Gaussian distribution 7 and/or a standard, constant daily ozone concentration profile 9 is assumed. Otherwise, additional information -ranging from meteorological 8, 11 and geographical data 9 to the standard deviation of hourly concentration values -is required. Assumptions and data requirements may not always be met and this may render AOT40 estimation difficult, complex or unfeasible. In order to overcome the complexity of the previous methods, we propose a simple method for estimating AOT40 values from raw passive sampling data. We will demonstrate that the method proposed is able to provide results which are comparable to those obtained by another modelling technique used for forest sites in the sub-alpine Trentino region and across Italy (e.g. ref. 6,9 and 12) , but with fewer data requirements and assumptions and less computational effort. Our method is grounded in empirical evidence that there is a close relationship between the mean concentration and AOT40 values 13, 14 and is intended as a rapid tool for estimating AOT40 when other approaches [7] [8] [9] 11, 12 are unfeasible, either in principle or in practice.
Methods

Concept of the study
The present study is based on the ozone concentration data measured by conventional monitors and by passive samplers over the years [2007] [2008] [2009] ). Measurements covered the period from May to July of each year (12-14 weeks) ( Table 1) . Overall, the weekly mean ozone concentrations recorded by passive samplers ranged from 43.3 to 90.3 ppb; weekly AOT40, estimated according to Gerosa et al., 12 ranged from 813 to 4491 ppb h for the various monitoring stations.
The study was organised as follows: Firstly, a proof of concept was carried out by investigating the relationship between the mean ozone concentration and AOT40 using actual data from conventional monitors, which are expected to be free from major measurement errors. Our intention here is to avoid the problems that one might incur while working with passive sampling data alone. The aim of this first step was to obtain evidence that regression approach is meaningful for calculating AOT40. Due to expected differences in the diurnal pattern of the ozone concentration (e.g. ref. 15 and 16) between urban areas (located in the valley bottom in Trentino) and the rural/forest site (located at a higher elevation -see above), data from urban and rural/forest sites were analysed separately. The daily ozone profile of urban areas is characterized by an early-to-mid afternoon peak in concentration and considerable night-time depletion; in rural/forest sites, on the other hand, the night-time concentration remains high 16 ( Fig. 1 ). The resulting regression functions were used to predict weekly AOT40 for these sites on the basis of the mean weekly ozone concentrations.
Secondly, a similar procedure was used to estimate AOT40 from passive monitoring data from Trentino, following Gerosa et al. 12 This step was designed to show how well the results of the method presented here compare with those obtained with a recognised modelling technique.
9,12 It should be pointed out that the latter technique requires information on relative elevation (the difference between the elevation of the monitoring site and the minimum elevation in a 2.5 or 5 km radius), adoption of a standard elevation-based ozone profile model, 15 and the assumption that the daily time course of ozone concentrations is constant over a one-week period.
9,12
Thirdly, the method was tested against an independent dataset of ozone concentrations measured with passive samplers at the 20 Italian permanent monitoring plots of the CONECOFOR programme (Fig. 2) during the period of May-July 2000 (13 weeks) and for which AOT40 estimates were available. 
Data processing
To ensure consistency with passive sampling data, hourly concentration values from conventional monitors were aggregated and averaged on a weekly basis. Only weekly datasets with completeness of hourly data $95% were retained. In accordance with EU Directive 2008/50/EU, 4 hourly exceedances of 40 ppb from 8 am to 8 pm were computed to obtain weekly AOT40 values (referred to as ''measured AOT40''). Weekly concentration data from passive samplers were processed to obtain AOT40 values, according to Gerosa et al. 12 (referred to as ''G-estimated AOT40'').
For both data series (conventional monitors and passive sampling), the weekly AOT40 values were regressed against the mean weekly ozone concentrations using a simple linear regression. The resulting regression functions (F) were then used to obtain new AOT40 values based on the mean weekly concentrations (referred to as ''F-estimated AOT40''). The statistical significance of the linear regressions was evaluated with a Table 2 Performance of the regression models and estimates of: (a) measured vs. F-estimated AOT40 for conventional monitors and (b) G-estimated vs. F-estimated AOT40 for passive samplers Site category Sites (n) Data (n) R Fisher's test at a 95% probability level. The measured and estimated AOT40 values were compared by calculating the Root Mean Square Error (RMSE), the Mean Absolute Error (MEA) and the percentage difference. Statistical analyses were performed using STATISTICA 9.1 (StatSoft, Inc., Tulsa, USA).
Results and discussion
Proof of concept -conventional monitors
The relationship between ozone concentration and AOT40 has already been reported for different datasets by Mills et al. 13 and Paoletti et al.
14 This is confirmed in Fig. 3a which illustrates the relationship between weekly mean ozone concentrations and AOT40 values for urban and rural/forest sites in the province of Trento. Ozone concentrations explain a large part (83-94%) of AOT40 variations, although the slope of the regression is quite different between urban and forest sites due to the reported differences in daily ozone profile. The higher variability showed at urban sites is due to the inherent differences existing among the seven conventional monitors located at different sites (see Table 1 ). AOT40 values estimated by the relevant generic functions (F) shown in Fig. 3a (F-estimated) for urban and forest sites were then compared with measured AOT40 (Table 2, upper part; Fig. 4 ). As expected from the above results, there is a close relationship between the two datasets (P < 0.0001). The root mean square error (RMSE) and mean absolute error (MAE) are reported in Table 2 . RMSE varies between 97 and 302 in absolute terms, corresponding in relative terms to 12-26% of measured AOT40; MAE varies between 75 and 271 (absolute values), corresponding to 9-19% of measured AOT40. The lowest RMSE and MAE values, corresponding to the best estimate, were 97 and 75, respectively, for the San Michele all'Adige site; the highest RMSE and MAE values were 303 and 271 and were reported for the Rovereto L.go Posta site. In general, the small difference between RMSE and MAE shows that large errors are unlikely. By way of example, Fig. 4 shows the April-September cumulative course of the measured and F-estimated AOT40 for each conventional monitor and year. F-Estimated AOT40 values were generally lower than the measured ones, with a maximum underestimation of 9% (Borgo Valsugana, 2009). In only one site (Rovereto L.go Posta) was the F-estimated AOT40 higher than the measured AOT40. At this site the three-year mean overestimation was 35%, with the highest RMSE and MAE. The median absolute percentage difference between seasonal values was 13%. It is worth noting that this value is smaller than that reported by Gerosa et al. 12 (p. 632) for a similar comparison (19%).
Proof of concept -passive samplers
The regression functions developed between weekly ozone concentrations obtained from passive samplers at forest sites in Table 3 Comparison between F-estimated and G-estimated AOT40 for the period of May-July 2000 at CONECOFOR sites (data for CONECOFOR sites after Gerosa et al. Trentino and AOT40 estimates obtained according to Gerosa et al. 9, 12 are reported in Fig. 3b . Again, the coefficients of determination proved that the mean ozone concentration explains 94% of the variability of AOT40 values (P < 0.0001). It is worth noting that the regression coefficients obtained from the conventional monitor at the rural/forest site are quite similar to those obtained from passive samplers at forest sites ( Fig. 3a and  b) . AOT40 values estimated from the generic functions (F) shown in Fig. 3b (F-estimated) were compared with those estimated according to Gerosa et al.
12 (G-estimated) ( Table 2 , lower part). There is a close relationship between the two datasets (P < 0.0001); RMSE ranges between 131 and 351, MAE between 99 and 314. In relative terms, they were 7-34% and 6-29% of the G-estimates, indicating good precision of estimates. Fig. 5 reports the relationship between the two AOT40 datasetsweekly G-estimated and F-estimated -and shows data to be very close to the 1 : 1 line.
Test of concept -independent passive sampling dataset
The generic function developed from the three-year datasets obtained from passive samplers in Trentino were tested against an independent set of data from 20 forest monitoring sites throughout Italy for which G-estimated AOT40 was available.
9
Results are reported in Table 3 for individual sites. R 2 values for weekly AOT40 ranged between 0.86 and 0.99 and all regressions were highly significant (P < 0.0001) for individual sites. RMSE ranged between 35 and 325, MAE between 29 and 287; these values are equivalent to 7-127% and 10-123%, respectively, of the weekly AOT40 G-estimates. Fig. 6 reports F-estimated vs. G-estimated AOT40: overall, there is a consistent pattern up to 2000 ppb h per week; higher G-estimated values, however, are clearly underestimated. Weekly differences between AOT40 over the May-July period tend to accumulate (Table 3 and Fig. 7 ): in 10 out of 20 sites the absolute percentage difference between F-estimated and G-estimated AOT40 was <20% while the median difference across all sites was 11%. This value is again smaller than that reported by Gerosa et al. 12 (p. 632) for a similar comparison (19%). However, in two cases the differences between the AOT40 estimates were extremely large (82% at VEN1 and 123% at ABR1).
Conclusions
Weekly AOT40 was demonstrated to be a linear function of the mean weekly ozone concentrations at urban and forest sites, although there were differences between the regression coefficients. A regression equation was therefore calculated and tested to predict weekly AOT40 values at forest sites based on the weekly passive sampling concentration data. The weekly estimates can be used to compute the seasonal (May-July or AprilSeptember) AOT40 values. Regression coefficients were very similar for both conventional monitors and passive sampling, thus suggesting that the value of the approach does not depend on the measurement technique. The method provided results comparable to the actual measurements and estimates obtained from more computationally intensive methods. The results were confirmed when the method was applied outside the region of the present study on an independent dataset, and -given the amplitude of geographical and ozone gradients explored -this suggests a possible, much wider application of the generic function for forest sites. For example, passive sampling is carried out at the Level II monitoring sites of the ICP Forests across Europe. 17 In the future, this will offer the chance to test and evaluate the method on a larger dataset.
It is worth noting that the EU Directive 2008/50 considers the use of ''objective estimates'' and modelling approaches suitable to supplement measurement from conventional monitors. In this line, weekly estimates obtained from passive sampling can be aggregated on a different time resolution, thus allowing relative risk assessment in relation to EU (three months, without distinction between vegetation types) and UNECE (three or six months and/or vegetative period, with difference among crops, semi-natural vegetation and forests) AOT40 standards. While these estimates are to no extent intended to replace information provided by conventional monitors, they can be very useful to obtain information about ozone exposure and for potential risk assessment where monitoring by conventional devices is unfeasible or unsustainable and/or when more complex modelling techniques are unfeasible, either in principle or in practice. 
